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To characterize drug binding to the human ether-à-go-go related gene (hERG) channel, a synergic approach
interplaying patch-clamp experiments and a docking study was developed. Mutations were introduced into
concatenated dimers of the hERG channel that were assembled into a heterotetramer with mutated diagonal
subunits. The binding affinities of three drugs (cisapride, terfenadine, and N-[4-[[1-[2-(6-methyl-2-
pyridinyl)ethyl]-4-piperidinyl]carbonyl]phenyl]methanesulfonamide dihydrochloride (E-4031, 1)) to a set
of mutant channels were examined electrophysiologically to assess the involved residues, their number, and
relative positions. Cisapride and 1 interacted with Tyr652 residues on adjacent subunits, while terfenadine
interacted with Tyr652 residues on diagonal, but not on adjacent, subunits. Phe656 was involved in the
binding of all three drugs, and Ser624 was found to be only involved in cisapride and 1. The docking
models demonstrated that π-π and CH-π interactions rather than cation-π interaction play a key role in
drug binding to the hERG channel.

Introduction

Long QT syndrome (LQTSa) is a disorder of ventricular
repolarization that predisposes affected individuals to be afflicted
with cardiac arrhythmias and sudden death. A cardiac potassium
channel, the human ether-à-go-go related gene (hERG) channel,
has been linked to prolongation of the QT interval in electro-
cardiograms (ECG), and mutations in the hERG gene are the
cause of inherited LQTS.1 LQTS may also be of an acquired
type, in which various medications exert a blocking effect on
hERG channels.2 The list of drugs that block hERG channels
is growing, and they encompass a rich repertoire of chemotypes
and therapeutic classes, suggesting that no single pharmacophore
may be responsible for hERG blockade. The broad diversity of
the blocking drugs has complicated efforts to elucidate the
mechanism of these drug-channel interactions.

To eliminate hERG side effects by structure-based drug
design, characterization of the drug binding site and binding
modes is necessary. From electrophysiological studies, it has
been revealed that many hERG blockers bind to the channel
when the activation gate is open,3 thus indicating that the binding
site is located in the structural passage of the pore. For potassium
channels, functional channels are assembled as homotetramers
and the sixth transmembrane helices line the pore. Mutations
of aromatic residues (Tyr652 and Phe656) on the sixth trans-
membrane helix dramatically attenuate the binding affinity of
typical hERG blockers, such as cisapride, terfenadine, and N-[1′-
(6-cyano-1,2,3,4-tetrahydronaphthalen-2-yl)-4-hydroxyspiro[3,4-
dihydrochromene-2,4′-piperidine]-6-yl]methanesulfonamide (MK-
499).4-6 Furthermore, a contribution to the binding process by
Ser624, which is located at the C-terminal end of the pore helix,

has been suggested.7 It is likely that these residues are clustered
to form the binding site in the three-dimensional structure of a
hERG channel. In these studies, the mutations were introduced
into the monomeric subunits, which are assembled into the
homotetrameric channel and have mutated sites in the four
symmetrical positions. On the other hand, hERG-blocking drugs
have an asymmetrical structure with a molecular size sufficiently
large to span multiple subunits. In this respect, the earlier
mutational studies, except for ours,8 were designed to identify
the residues involved in binding, and the specification of the
number and positions of the involved residues has been left
unanswered for the time being.

Here, we propose a synergic approach for elucidating the
binding mode of drugs to the hERG channel. In this study, we
focused on Tyr652, Phe656, and Ser624 for the mutational sites,
since Tyr652 and Phe656 are considered key aromatic residues
for the π-related or hydrophobic interactions7,9 and since Ser624
is placed at the entrance of the selectivity filter, where various
types of drugs can form hydrogen bonds and effectively intercept
the potassium permeation.7 A tandem dimer of the hERG
channel was constructed, and a mutation was introduced into
one of the subunits.8,10 The mutant tandem dimers were readily
assembled into functional channels with two mutated subunits
on the diagonal positions. Six different channels, including
tandem dimeric and homotetrameric mutants, were examined
electrophysiologically for drug-inhibition curves and thus their
drug binding affinities. We found that the set of drug-inhibition
curves for each drug showed typical patterns of the curve shift
for the tandem dimer, relative to those of wild type (WT) and
the homotetrameric mutant. The patterns of the drug inhibition
curves helped identify the number and position of the contribut-
ing residues, and incorporating the binding information into
docking studies allowed the prediction of plausible binding
modes for the drugs. We applied this approach to the well-
established hERG blockers, cisapride, terfenadine, and N-[4-
[[1-[2-(6-methyl-2-pyridinyl)ethyl]-4-piperidinyl]carbonyl]phe-
nyl]methanesulfonamide dihydrochloride (E-4031, 1),11 and the
characteristics of the interactions between the drugs and specific
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residues of the hERG channel are discussed. This information
will be exploited in practical drug discovery projects to develop
drugs with fewer or no side effects to their hERG channel
activity.

Results and Discussion

Expression of Mutant Channels and Patch-Clamp
Recordings. We constructed a tandem dimer with a short linker,
and a point mutation was introduced into one of the subunits
(see Experimental Section). When functional channels were
assembled, mutational sites should be located on subunits in
the diagonal position of the tetrameric channel (Figure 1).
Mutants in the monomeric sequence were also produced, and
these were assembled into homotetrameric channels having four
mutational sites in symmetrical positions. In this study Tyr652,
Phe656, and Ser624 were mutated to alanine and six types of
channels (WT, homotetrameric mutants (Y652A, F656A, and
S624A), and tandem dimer mutants (td[wt:Y652A], td[wt:
F656A]) were examined.

Tandem dimer mutants or monomer mutants were stably
expressed in human embryonic kidney (HEK-293) cells. Whole-
cell patch clamp recordings were performed at room tempera-
ture, and potassium currents were elicited by depolarization
pulses (Figure 2A). Similar but slightly modified current traces,
compared to those for WT, were attained from a tandem dimer
without mutation (td[wt:wt]), indicating concatenation had not
affected the expression and gating of the channel (not shown).9

Extracellular solutions were continually perfused throughout the
recordings, and the peak amplitudes of the tail current at -40
or -120 mV were measured at different concentrations of drugs.

Patterns of Drug-Inhibition Curves for the Mutant
Channels. In the presence of cisapride, current amplitudes at
the depolarization and repolarization pulses were depressed
significantly for WT and a tandem dimer mutant (td[wt:Y652A])
but not for a homotetrameric mutant (Y652A) (Figure 2A, upper
traces). Normalized current amplitudes (Idrug/Icontrol) were plotted
as a function of drug concentrations (Figure 2B), and the data
were fitted with the inhibition curve. The binding affinity of
Y652A mutant was more than 50 times lower than that for WT,
confirming that Tyr652 plays an essential role for the binding.

The inhibition curve for td[wt:Y652A] was shifted to the right
significantly compared with that of WT (part a of Figure 2B).
Shift would never occur if the drug interacted with a residue
from a single subunit or at most two residues from diagonal
subunits, since relevant residue(s) are retained in the tandem
dimer mutants. Therefore, the right shift or the lower affinity
for td[wt:Y652A] indicates that Y652 groups on adjacent
subunits contribute to the binding. In contrast to Tyr652, the
current traces (Figure 2A, lower traces) and the inhibition curves
for WT and td[wt:F656A] were indistinguishable, even though
the homotetrameric mutant F656A displays an affinity that is
170 times lower. These results indicate that the Phe656s on the
two adjacent subunits do not contribute to the binding, but rather
one or two of the Phe656s on the diagonal subunits participate
in the binding.

The above logical program was formalized as a simple
procedure involving pattern recognition. We present here a
visual inspection method for identifying the number and
relative position of residues contributing to the binding. For
each type of residue relevant to drug binding, inhibition
curves were drawn for a homotetrameric mutant channel and
the tandem dimeric mutant channel, as well as for WT (Figure
2B). Among three inhibition curves, the relative position of
the curve for the tandem dimer is crucial. If a drug interacts
with the type of residue from one subunit, or at most two of
the diagonal subunits, then the inhibition curve of the tandem
dimer should overlap with that of WT. In contrast, if two
residues from adjacent subunits contribute to the binding,
the inhibition curve for the tandem dimer channel should be
located between those of the WT and homotetrameric mutant
channels. Thus, by simple inspection of the inhibition curve
for the tandem dimer, the contribution made by residues from
either a single (or diagonal) or adjacent subunits can be
evaluated.

Parts c and d of Figure 2B shows results for 1, which is
similar to that for cisapride. On the other hand, for terfenadine
the inhibition curves for the tandem dimer were indistinguishable
from those of WT (parts e and f Figure 2B), demonstrating that
only Tyr652 and Phe656 on the diagonal subunits contribute to
the drug binding.

Figure 1. Manipulating the numbers of mutated subunits and their relative positions in the functional tetrameric channels. Each subunit is composed
of six transmembrane helices, with the sixth transmembrane helices lining the pore. In the right column, depictions of channel assembly are shown
in which the WT subunits are indicated by pink circles and the mutated subunits by blue circles. Tandem dimers are shown as a concatenated
molecule of the WT and mutant subunits with a short linker.
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The contributions of Ser624 were also examined electro-
physiologically. The affinity of drugs for the S624A mutant was
significantly reduced for cisapride and 1, whereas it was almost
identical for terfenadine (Figure 3). These observations suggest
that Ser624 is involved in the blockade of cisapride and 1 but
not terfenadine.12

On the basis of the topological information of the binding
from the electrophysiological results, followed by the pattern
recognition found in the drug inhibition curves, docking studies
were performed for the three compounds.

Modeling the Binding Site of the hERG Channel for
Docking Studies. The pore domain, the S5-pore-S6 helices
of the hERG channel, was constructed by homology modeling
based on the sequence alignment (Figure 4) and the crystal
structures of potassium channels in closed (KcsA, PDB code
1BL8) and open (MthK, PDB code 1LNQ; KvAP, PDB code
1ORQ) states as templates. To be consistent with the above
experimental results, the following criteria were used for
selecting the model. First, Tyr652, Phe656, and Ser624 should
be exposed to the surface of the drug-binding region. Second,

Figure 2. Blocking of hERG currents by drugs. (A) Representative current traces of WT and the mutants at cisapride concentrations of 0.02 µM
(Y652 mutations) and 0.05 µM (F656 mutations). Note that the concentration of cisapride was 10 times lower for WT than that for td[wt:Y652A]
but the degree of the blocking of WT and td[wt:Y652A] was similar. (B) Drug inhibition curves for cisapride (a, b), 1 (c, d), and terfenadine (e,
f). In each panel, the three inhibition curves are for WT, the tandem dimer mutant, and the homotetrameric mutant. The left column of the panels
shows the Y652 mutations, and the right shows the F656 mutations. The schematic illustrations represent the possible contribution of residues to
the binding on the subunits. Red oval disks represent drugs interacting with residues on the subunits (thick lines indicate positive interactions, and
broken lines indicate possible interactions). Data were fitted with the Hill equation yielding an IC50 and a Hill coefficient (h) (mean values are
shown in figure).
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the distances between aromatic residues on the adjacent subunits
and diagonal subunits for the model channels were gauged by
whether the drugs could interact with respective residues on
the models in a way compatible with the experimental results.

The KcsA derived closed state model allowed all Tyr652,
Phe656, and Ser624 side chains in all subunits to be simulta-
neously exposed to the surface. However, the distance between
Phe656 residues was extremely close (3.3 Å for adjacent
subunits and 4.9 Å for diagonal subunits). The diameter of the
pore at the Phe656 level was so narrow that an aromatic ring
of drugs, once placed at this level, would be surrounded by
Phe656 groups and have contact with all of them simultaneously.
On the other hand, at the Tyr652 level, the pore cavity became
ample where drugs had been sequestered and interaction with
Phe656 was unavoidable. These modes of interaction are not
compatible with the experimental results that a drug may interact
with either two adjacent subunits or a single one.

The KvAP derived open state model demonstrated shielding
of the Tyr652 side chain behind Phe656 such that drugs cannot
gain access to the Tyr652, failing the criteria for the binding
site. To circumvent the issue, Farid et al. applied the “induced-
fit” docking methodology, in which flexible parts of the
backbone were modified to expose Tyr652 to the surface of
the pore region.13 However, the predicted binding modes for
cisapride and terfenadine (three Tyr652 residues and two
adjacent Phe656 residues are simultaneously involved in the
interaction with cisapride, and four Tyr652 residues and two

diagonal Phe656 residues with terfenadine) were quite different
from our experimental results.

The initial structure of the MthK derived open state model
showed the Tyr652 and Phe656 residues exposed to the surface,
but Ser624 could not contribute to the drug binding. Therefore,
the structure of the selectivity filter was slightly relaxed within
the range of 7 Å from the Ser624 residues by molecular
mechanics. The main chain structure in the selectivity filter
region became somewhat collapsed from the template, and
Ser624 and Thr623 then became readily accessed by drugs,
which may explain the results of the mutational studies. In this
procedure Tyr652 and Phr656 were almost unaltered and stayed
exposed to the surface. It has been established that many drugs
exhibit a stronger affinity to the inactivated or partially collapsed
filter structure rather than to the open or open-filter structure.14,15

In this respect, our procedure for the model refinement may
correspond to structural transitions to the “inactivated” state.
The MthK derived model used in the docking studies is shown
in Figure 5A,B and Supporting Information. We found in this
model that Thr623 was in proximity to Tyr652 and thus ready
for hydrogen bonding, as shown in Figure 5C. Similar close
packing in open form was predicted from the KvAP derived
model by Farid et al.13

Proposed Binding Modes for Cisapride, 1, and Terfena-
dine. Binding poses of drugs (cisapride, 1, and terfenadine) in
the hERG pore region were generated extensively using the
program Gold, followed by selection with the subsequent
criteria. First, all binding modes satisfying the number and
relative positions of the residues involved for the drug binding
were selected by visual inspection. Second, the π-related
interactions of the aromatic rings in Tyr652 and Phe656 were
a particular focus, since those interaction energies, such as
CH-π and π-π interactions, were reported to be -1.454 kcal/
mol for CH-π interactions16 and -1.81 to -2.78 kcal/mol for
π-π interactions17 by ab initio quantum chemistry methods,
which stabilize the binding notably. In the selection procedure
for the optimal configurations, however, the ranking of the
docking configurations by the scores was inadequate, since the
docking programs do not implement the docking parameters
for the π-related interactions. Thus, configurations were selected
on the basis of drug contacts with Tyr652 and/or Phe656, and
the distance between atoms or centroids of an aromatic ring in
a drug molecule and a side chain should be within 4.5 Å. This
distance criterion is based on the crystal structure of the
tetrabutylammonium (TBA)-bound KcsA channel (PDB code
1J95), in which the distance between the ethyl group of TBA
and adjacent residues was 4.5 Å.18 Third, the experimental

Figure 3. Concentration-dependent blockades of WT and S624A hERG channels by cisapride (A), 1 (B), and terfenadine (C). Data were fitted
with the Hill equation yielding an IC50 and a Hill coefficient (h) (mean values are shown in figure).

Figure 4. Sequence alignment of the S5-pore-S6 helices region for
the MthK, KcsA, KvAP channels and the equivalent residues from the
S5 to S6 transmembrane domains of the hERG channel. The sequences
of the MthK (upper) and hERG (lower) channels are numbered. The
identical residues among four channels are colored blue, and the residues
in the loop region of the hERG channel omitted from the present model
are colored gray. The residues of hERG channel mutated with Ala in
this work are colored red and underlined.
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Figure 5. MthK derived homology model (open form) used in the docking studies. (A) The stereodrawing of the structure is viewed parallel to the central
pore axis, from the intracellular side toward the selectivity filter. Ser624, Tyr652, and Phe656 are represented by the space-filling model. Side chains of
Ser624 and Tyr652 are shown in magenta, and Phe656 is in yellow. (B) The stereodrawing of the structure is viewed from the side. Ser624, Tyr652, and
Phe656 are represented by the space-filling model. Coloring is same as in (A). (C) Close packing between the side chains of Thr623 and Tyr652 predicted
in the MthK derived open state model. The main chain structure of a subunit and only four residues are shown. Thr623 and Tyr652 are represented by a
space-filling model, and Ser624 and Phe656 are represented by a stick model.
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results on whether Ser624 contributes were incorporated for the
purpose of selecting the binding configurations.

Figure 6A shows one of the binding modes for cisapride
(Supporting Information), demonstrating that all three ring
substructures were involved in the interaction. A Tyr652 side
chain interacted with one of the terminal aromatic rings of
cisapride via π-π interaction (herringbone geometry), and the
Tyr652 in the adjacent subunit interacted with the CH group
adjacent to the cationic nitrogen in the central piperidine ring
(CH-π interaction). The latter is frequently observed in the
crystal structures of protein-ligand complexes (For examples,
PDB codes 1J17, 2BOH, 1O5M, 1QBO, etc), in which a CH
group adjacent to a basic part, such as a piperidine nitrogen,
comes close to an aromatic ring. In our model, the cationic
nitrogen did not directly contribute to the binding. Another
terminal aromatic ring was recognized by Phe656 in the third
subunit via a π-π interaction (stacked geometry), and the

carbonyl oxygen of the amide group formed a hydrogen bond
with Ser624.

Mosapride (see Chart 1), an analogue of cisapride pos-
sessing three ring substructures like cisapride, shows greatly
reduced affinity to the hERG channel (IC50 ) 4.8 µM),19

even though both drugs possess potent agonistic activity to
the serotonin 5-hydroxytryptamine 4 (5-HT(4)) receptor. To
explore the attenuated interaction of mosapride to the hERG
channel, mosapride was superimposed on the conformation
of cisapride bound to the hERG binding site using the
Flexible Alignment module in Molecular Operating Environ-
ment (MOE).20 Figure 7 demonstrates that fluorophenyl group
moieties of mosapride and cisapride did not overlap with each
other. Since the interaction between the fluorophenyl group
moieties of cisapride and Phe656 is important for cisapride
binding, the change in the relative positions of the three rings
induced by inserting a methylene group between the amide

Figure 6. Proposed binding modes for cisapride (A), 1 (B), and terfenadine (C). Green represents the backbone atoms, yellow the hydrophobic
side chains, magenta the polar side chains. The Ser624, Tyr652, and Phe656 residues that interact with blockers are represented by the ball and
stick model. Compounds are drawn using wire models. The number in parentheses after the residue name represents the subunit number. The
chemical structures with postulated binding mode are also shown in the right.
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group and central ring system distinguishes mosapride from
cisapride, which may lead to the elimination of hERG
vulnerability.

For 1, the experimental results demonstrated that the aromatic
residues contributing to the binding were shared by cisapride.
On the other hand, the inhibition pattern revealed that Ser624
contributed to 1 binding more dramatically than to cisapride
(Figure 3A,B). Figure 6B shows one of the binding modes
(Supporting Information), where Tyr652 (π-π interaction,
herringbone geometry) and Ser624 interacted with a terminal
pyridine ring moiety. Phe656 was also involved in the CH-π
interaction with the methyl group in the methansulfonamide
moiety. For 1 binding, the mutation of Thr623 was reported to
attenuate the blocking, which has been modeled as formation
of the hydrogen bond between Thr623 and the drug.21 In our
model, however, Thr623 was placed in proximity to Tyr652 to
form hydrogen bonds, and we propose a hypothesis of Thr623
mutation to account for the experimental results. Thr623 likely
stabilizes Tyr652 through hydrogen bonding, by which Tyr652
residues are faced toward the drug. Attenuated drug binding
reported for the Thr623 mutation can be interpreted in our model
that the replacement by alanine loses the hydrogen bond with
Tyr652 and destabilizes the orientation of Tyr652, which is
unfavorable for Tyr652-drug interactions.

For terfenadine binding, Figure 6C shows one of the binding
modes obtained (Supporting Information), where two terminal
aromatic rings interacted with the two diagonal Tyr652s, and
another benzene ring of the benzhydryl group interacted with
Phe656. All of the interactions in the binding of terfenadine to
hERG are likely to be π-π interactions (herringbone geom-
etries). Farid et al. reported the postulated binding modes for
terfenadine using an in silico method.13 The involvement of four
Tyr652s in the binding was inconsistent with our experimental
results. On the basis of our binding mode, we present here a
model example for modification of the terfenadine molecule to
attenuate the binding (Figure 8): Introductions of electron
withdrawing groups, such as halogens and nitriles, may weaken
the π densities of aromatic rings, leading to attenuation of the
π-π interactions with Tyr652s or Phe656. Alternatively,
addition of a bulky group such as an ethoxy group may interfere
with the contact between the two aromatic rings.

Fexofenadine, a carboxyl derivative of terfenadine (see Chart
1), is nearly devoid of hERG inhibitory activity (IC50 ) 65
µM).22 In our preliminary docking study, fexofenadine adopted
a binding mode similar to that of terfenadine, where the carboxyl

group was not directly involved in the interaction (data not
shown). Stansfeld et al. also reported a binding conformation
of fexofenadine similar to that of terfenadine.23 The lack of
inhibitory action, therefore, cannot be explained by the binding
mode, and further studies are necessary.

Conclusion

In this study, a synergic approach was utilized to elucidate
the drug binding modes of the hERG channel. A patch-clamp
experiment using tandem dimers was performed, and the drug
actions on a set of mutant channels were categorized from the
patterns of the inhibition curves, allowing the number and
relative position of the residues involved in drug binding to be
identified. This information guided the building of a homology
model and the elucidation of drugs docking with the hERG
channel, leading to realistic models of hERG channel drug
binding. The present binding mode demonstrated, in contrast
to earlier reports,5,9 that the cation-π interaction may not be
the main interaction in all cases, and π-related noncanonical
interactions, such as π-π and CH-π interactions, could play
a key role. For the cationic moiety of these blockers, it is
plausible that the positive charge is driven to the binding site
under the weak electric field in the pore region of the hERG
potassium channel, especially at depolarized potentials. The
interplay between mutational experiments and computational
studies, or the synergic approach, enabled us to visualize three-
dimensional images of the drug binding, which gave rise to
inspiring insights into the modification of any given structure
to mitigate hERG binding.

Experimental Section

Construction of Tandem Dimers. The monomeric wild type
hERG cDNA was cloned at Takeda Pharmaceutical Company Ltd.
and subcloned into the NheI and EcoRI sites in pcDNA3.1(+)
plasmid expression vector (Invitrogen, Carlsbad, CA). The hERG
mutations were generated by overlap extension polymerase chain
reaction (PCR) using PLATINUM Taq DNA Polymerase High
Fidelity (Invitrogen, Carlsbad, CA), which was confirmed by
sequencing the mutated region and also restriction enzyme analysis.
The monomeric mutant harboring S624A, Y652A, or F656A was
made by introducing the mutated fragment into the hERG channel
gene in the pcDNA3.1(+) vector. The hERG tandem dimers were
constructed by linking two monomers that were prepared separately.
For the N-terminal side monomer, the wild type hERG channel
gene in pcDNA3.1(+) was modified by deleting its stop codon.
For the C-terminal side monomer, the hERG channel gene (wild
type, harboring Y652A or F656A) was subcloned downstream of
the in-frame EcoRI site (note: the original NheI site in front of the
first methionine of the channel gene was modified to a unique EcoRI
site when subcloned) in the pKF3 vector (Takara Bio, Japan). To
generate tandem dimers, the entire channel coding region in the
pKF3 vector was digested out with EcoRI and then ligated into
the pcDNA3.1(+) vector harboring the stop codon-deleted channel
gene. The two monomers were linked by the nucleotide sequence
GAATTC.

hERG Expressing Cell Lines. Experiments were performed on
human embryonic kidney (HEK-293) cells stably expressing wild
type (WT) or mutant hERG. Cells were maintained at 37 °C in
minimum Eagle medium (MEM) supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 0.1 mM nonessential amino acids,
1 mM sodium pyruvate, and 0.2 mg/mL Geneticin (Invitrogen
Corp., Carlsbad, CA).

Electrophysiology. Whole-cell voltage clamp recordings of
hERG currents were made for HEK-293 cells. Borosilicate glass
pipettes (Harvard Apparatus, Kent, U.K.) were pulled and fire-
polished to get final resistances of 2-3.5 MΩ. The pipet solution
contained (in mM) KCl 130, NaCl 7, MgCl2 1, ATP-2Na 5, HEPES

Chart 1. Structures of the Compounds Found in This Work
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5, EGTA 5, pH 7.2. Series resistances were less than 6 MΩ and
were compensated by 60-85%. Cells were perfused with Tyrode’s
solution containing (in mM) NaCl 137, KCl 4, MgCl2 1, CaCl2

1.8, glucose 11, HEPES 10, pH 7.4. Whole-cell currents were
recorded using an Axopatch 200B amplifier and Clampex software
(Molecular Devices Corp., Sunnyvale, CA). Membrane currents
were low-pass-filtered at 1 kHz and sampled at 2.5 kHz with a
Digidata 1320 data acquisition system (Molecular Devices Corp.).

The membrane potential was held at -75 mV, and depolarization
pulses set to 10 mV for 0.5 s were applied. Tail currents were
measured at -40 mV. For the recordings of cells expressing the
F656A mutant, the hERG current was elicited by a voltage pulse
to 0 mV (5 s) from a holding potential of -80 mV. Tail currents
were measured upon repolarization to -120 mV (0.5 s). The
protocol was repeated every 10 s (15 s for the F656A mutant),
allowing complete recovery of the current between test pulses.
Experiments were performed at room temperature. Current ampli-
tudes were measured after reaching the steady-state level of drug
blockade at each concentration. Normalized currents (Idrug/Icontrol)
were calculated from the peak amplitudes of the tail current before
and after the drug applications.

Cisapride (Accurate Chemicals, NY), terfenadine (MP Biochemi-
cals, Eschwege, Germany), and N-[4-[[1-[2-(6-methyl-2-pyridinyl)-
ethyl]-4-piperidinyl]carbonyl]phenyl] methanesulfonamide dihy-
drochloride (E-4031, Wako, Japan) were prepared as 10 mM stock
solutions in DMSO (dimethyl sulfoxide) and stored at -20 °C. On
the day of experiments, the stock solutions were diluted to the
desired concentrations with bath solution.

Data Analysis. Idrug/Icontrol as a function of drug concentrations
was plotted, and the data were fitted to a function. Experimental
data were analyzed with Origin software (OriginLab Corp.,
Northampton, MA). Data are presented as the mean ( SEM.

Docking Studies. The structures of the S5 (outer), pore, and S6
(inner) helices of hERG transmembrane domain were constructed
by homology modeling using the known crystal structures in closed
state (KcsA, PDB code 1BL8) and open state (MthK, PDB code

1LNQ; KvAP, PDB code 1ORQ) as templates. The template crystal
structure was obtained from the RCSB Protein Data Bank24 as a
homotetramer. Sequence alignments were performed by ClustalW
1.625 and modified in light of the three-dimensional structures of
the templates (Figure 4). Homology modeling was performed by
SCWRL 2.926 with these alignments. The extracellular loop region
was omitted from the models. To build a model that can explain
the experimental results, the structures within 7 Å of Ser624 residues
in the selectivity filter of the MthK derived model were relaxed
using molecular mechanics, where the Amber99 force field was
used. Against this model, 40 drug binding poses were generated
for each drug molecule, using Gold 2.1.2,27 with two scoring
functions (GoldScore and ChemScore) and default parameters
setting. Binding poses satisfying the results from electrophysiologi-
cal experiments were selected by manual inspection. Energy
minimization, docking studies, superposition, and generation of
figures were performed using Molecular Operating Environment
(MOE).20
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